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ABSTRACT 15 
We propose a method to identify calcium aluminate inclusions in calcium treated 16 
aluminum-killed steels (Ca12Al14O33, CaAl4O7, CaAl12O19, and Al2O3) using 17 
cathodoluminescence (CL) analysis. Such inclusions result in nozzle clogging and melting of 18 
the stopper rod during continuous casting. We obtain CL images and CL spectra of calcium 19 
aluminate inclusions in model samples of calcium treated aluminum-killed steel. The model 20 
samples are prepared by heating mixtures of Fe powder, Al powder, and Ca shot at 1550 °C in 21 
an argon atmosphere. On the basis of the CL colors and CL spectra of the calcium aluminate 22 
inclusions, we demonstrate that it is possible to distinguish Ca12Al14O33, CaAl4O7, CaAl12O19, 23 
and Al2O3 inclusions from CaAl2O4 and Ca3Al10O18 inclusions, which do not cause nozzle 24 
clogging and melting of the stopper rod, by comparing CL images obtained using digital 25 
cameras with and without a built-in filter. The acquisition times for the CL images are less 26 
than 10 s. Thus, the method we present here can be applied for the rapid detection of harmful 27 
calcium aluminate inclusions during continuous casting. The CL spectra also provide basic 28 
information to specify compositions in agglomerated calcium aluminate inclusions. 29 
30 
 2 
I. INTRODUCTION 31 
It is of vital importance to analyze nonmetallic inclusions in steels, such as alumina 32 
(Al2O3), spinel (MgAl2O4), silica (SiO2), manganese sulfide (MnS), calcium sulfide (CaS), 33 
boron nitride (BN), and titanium nitride (TiN) because they can cause serious problems to 34 
steel products, such as breakage of steel wire during drawing, hydrogen induced cracking, 35 
fatigue failure, surface flaws, and low temperature embrittlement.[1-4] Such inclusions may 36 
also be problematic for the steel production process. For example, Al2O3 inclusions can lead 37 
to nozzle clogging in the continuous casting of aluminum (Al) killed steel (Fig. 1)[1,2,4] 38 
because Al2O3 solidifies at the casting temperature. Al2O3 inclusions are formed by Al 39 
deoxidation, which is a process to reduce the oxygen content in steel by adding aluminum 40 
metal into molten steel in the ladle (Fig. 1). To prevent nozzle clogging, calcium (Ca) is 41 
injected into the molten steel in the forms of Ca metal, ferrocalcium, Ca-Si alloy, or Mg-Ca 42 
alloy, which is termed as Ca treatment. Ca treatment is effective because solid Al2O3 43 
inclusions transform into liquid calcium aluminates, which do not clog the nozzle, at the 44 
casting temperature.[5-7] However, the addition of excess Ca causes the stopper rod, which 45 
controls the flow rate of the molten steel into the mold (Fig. 1), to melt because the stopper 46 
rod is normally made from alumina-graphite.[8-10] It has been reported that the compositions of 47 
the calcium aluminate inclusions in Ca treated Al-killed steels have to be CaAl2O4 and 48 
Ca3Al10O18 to prevent both nozzle clogging and melting of the stopper rod.
[9,10] Therefore, we 49 
can detect the symptoms of nozzle clogging and melting of the stopper rod by the 50 
compositional analysis of the calcium aluminate inclusions in the steels. 51 
 3 
 52 
Fig. 1–Schematic illustration of a continuous casting machine. 53 
 54 
The compositional analysis of nonmetallic inclusions in steels is usually performed 55 
using electron probe microanalyzers (EPMA).[11] This analytical process is a time-consuming 56 
step in steelmaking[2,3] because it takes approximately 1 week to complete the analysis for a 57 
single sample. Analytical techniques, such as optical emission spectrometry with pulse 58 
distribution analysis (OES-PDA),[12,13] electron beam (EB) melting,[14] cold crucible-X-ray 59 
fluorescence,[15,16] fractional thermal decomposition (FTD),[17] laser-induced breakdown 60 
spectroscopy (LIBS),[18] and cathodoluminescence analysis,[19,20] have been proposed for the 61 
rapid compositional analysis of nonmetallic inclusions in steels.[21] Among these techniques, 62 
we have recently focused on CL analysis[22-25] because CL analysis can simultaneously 63 
identify the size, shape, and composition of non-metallic inclusions, which are essential for 64 
the analysis of nonmetallic inclusions in steels. We have previously demonstrated that 65 
obtaining CL images and CL spectra enables MgAl2O4 spinel, Al2O3, BN, and aluminum 66 
nitride (AlN) inclusions to be distinguished more rapidly than by the conventional method 67 
using EPMA.[23,25] The purpose of this study is to establish a method to identify calcium 68 
aluminate inclusions in Ca treated Al-killed steel using CL analysis by analysing their CL 69 
images and CL spectra. 70 
 71 
 4 
II. EXPERIMENTAL 72 
 CL analysis of calcium aluminate inclusions in Ca treated Al-killed steel was 73 
performed for model samples prepared by melting iron (Fe) with pure metals of Al and Ca in 74 
an argon atmosphere. This preparation method is the general procedure for model samples of 75 
steels containing nonmetallic inclusions in laboratory scale experiments. Electrolytic Fe 76 
powder (purity: 99.9%, Wako Pure Chemical Industries, Ltd., Osaka, Japan), Al powder 77 
(purity: 99.9%, Nacalai Tesque, Inc., Kyoto, Japan), and Ca shot (purity: 99.5%, The Nilaco 78 
Corporation, Tokyo, Japan) were placed in an Al2O3 crucible in various ratios, as shown in 79 
Table I. Sample A and B were prepared to obtain Al-rich calcium aluminate inclusions such 80 
as CaAl2O4, Ca3Al10O18, CaAl4O7, and CaAl12O19, and Al2O3. Sample C was prepared to 81 
expect the formation of Ca-rich calcium aluminate inclusions such as Ca3Al2O6 and 82 
Ca12Al14O33. The mixture was heated at 1550 °C for 20 min and then cooled to room 83 
temperature in a flowing argon atmosphere (flow rate: 200 mL min−1). Oxide layer on the Fe 84 
powder and residual oxygen in the argon gas contribute to the formation of inclusions of the 85 
samples. The surfaces of the samples were polished using 1200- and 2400-grid abrasive 86 
papers. The surfaces were then finished using a 1-m diamond paste. We performed CL 87 
analysis of the model samples using a custom scanning electron microscope-88 
cathodoluminescence (SEM-CL) system. Details of the SEM-CL system have been reported 89 
previously.[22,23] We briefly summarize the main points here. CL images of the samples were 90 
captured using a digital single-lens reflex camera (7RII, Sony Corp., Tokyo, Japan) 91 
equipped with a zoom lens (LZM-06075A, Seimitu Wave Inc., Kyoto, Japan) through a 92 
quartz viewport attached to a commercial SEM instrument (Mighty-8DXL, TECHNEX, 93 
Tokyo, Japan). The sensitivity range of the camera was in the wavelength range from 420 to 94 
680 nm. CL spectra of the samples were collected using an optical spectrometer (QE65Pro, 95 
Ocean Optics Inc., Florida, USA) by attaching a flange to introduce an optical fiber with a 96 
 5 
collector lens (LGL-30, Chuo Precision Industrial Co., Ltd, Tokyo, Japan) on its forehead into 97 
the SEM chamber and connecting the optical fiber to the optical spectrometer. The 98 
measurement durations for the CL spectra were set to 100 s. Elemental analysis of the 99 
samples was also carried out using an SEM (S-3400N, Hitachi High-Technologies Co., Tokyo, 100 
Japan) equipped with a lithium-drifted silicon (Si (Li)) EDX detector (EDAX Inc., New 101 
Jersey, USA). 102 
 103 
Table I. Compositions of model samples. 104 
Sample Fe (mass%) Al (mass%) Ca (mass%) 
A 98 1.3 0.7 
B 98 1.1 0.9 
C 97 0.1 2.9 
D 98 1.0 1.0 
 105 
III. Results 106 
Six types of calcium aluminates, Ca3Al2O6, Ca12Al14O33, CaAl2O4, Ca3Al10O18, 107 
CaAl4O7, and CaAl12O19, have been reported in the CaO-Al2O3 system.
[8-10,26,27] We collected 108 
the CL images and CL spectra of various calcium aluminate inclusions in the model samples 109 
to identify these calcium aluminate inclusions by CL analysis. The model samples were 110 
prepared by heating a mixture of Fe, Al, and Ca metals at 1550 °C under an argon atmosphere. 111 
The compositions of the calcium aluminate inclusions, whose CL images and CL spectra were 112 
obtained, were determined by SEM-EDX analysis. Figure 2(a) and (b) show a CL image and 113 
the corresponding SEM image, respectively, of an inclusion in Sample A. Almost the 114 
inclusion was removed by the polishing and an inclusion remained in the lower right of the 115 
rough area in Fig. 2(b). The remaining inclusion emitted blue luminescence and was 116 
confirmed to be CaAl2O4 (Ca: 32 at.%, Al: 68 at.%) by EDX point analysis. This 117 
luminescence color was consistent with the CL spectrum of the CaAl2O4 inclusion shown in 118 
Fig. 2(c) because the CL spectra showed a broad peak at around 450 nm. We also detected an 119 
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inclusion emitting blue-green luminescence in the upper area (Area 1) and blue-violet in the 120 
lower area (Area 2) in Sample A, as shown in Fig. 3(a). The corresponding SEM image is 121 
shown in Fig. 3(b). The CL image implied that the compositions of Areas 1 and 2 were 122 
different. This was confirmed by the EDX mapping of Ca in the areas as shown in Fig. 3(c) 123 
because the difference in the intensities of the Ca K line mostly corresponded to the areas 124 
emitting blue-green and blue-violet luminescence. The distribution of the intensities of the Ca 125 
K line seemed to be uniform in each region of Areas 1 and 2. The compositions of Areas 1 126 
and 2 were confirmed to be CaAl4O7 (Ca: 20 at.%, Al: 80 at.%) and Ca3Al10O18 (Ca: 26 at.%, 127 
Al: 74 at.%), respectively, by EDX point analysis. Therefore, CaAl4O7 and Ca3Al10O18 128 
inclusions emitted blue-green and blue-violet luminescence, respectively. Although CL 129 
spectra of the CaAl4O7 and Ca3Al10O18 inclusions (Fig. 3(d)) showed that the intensities of a 130 
peak at around 675 nm (red to infrared) were higher than those at around 510 (blue-green) or 131 
425 nm (blue-violet), neither CaAl4O7 or Ca3Al10O18 inclusions emitted red luminescence. 132 
This was because the sensitivity of the digital camera around 675 nm was lower than that 133 
around 425 or 510 nm. The CL peak of the CaAl4O7 inclusion at 675 nm was consistent with 134 
the spectrum reported in previous studies[28,29] and originated from manganese (IV) ions 135 
(Mn4+) substituting tetrahedrally coordinated aluminum (III) ions (Al3+).[28,29] The Mn ions in 136 
the CaAl4O7 inclusion came from the Fe powder which was confirmed to contain 5 ppm of 137 
Mn.[24] An inclusion emitting red luminescence was also detected in the CL image of Fig. 3(a) 138 
(Area 3). The inclusion was identified to be Al2O3 by EDX point analysis. The CL peak of the 139 
Al2O3 inclusion at 745 nm, shown in Fig. 3(c), was in good agreement with that in previous 140 
reports.[23,30-32] The CL peak at 745 nm originated from titanium (III) ions (Ti3+) substituting 141 
octahedrally coordinated Al3+.[30-32] The Ti ions in the Al2O3 inclusion came from the Al2O3 142 
crucible which was confirmed to contain 40 ppm of Ti.[24] The area intensity of the red region 143 
(620-680 nm) was one order magnitude higher than those of the other color regions. Thus, the 144 
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Al2O3 inclusion emitted red luminescence. Fig. 3(a) indicates that we can simultaneously 145 
distinguish CaAl4O7, Ca3Al10O18, and Al2O3 inclusions by capturing their CL images. 146 
 147 
Fig. 2–(a) CL and (b) SEM images of an inclusion particle on the polished surface of sample 148 
A. The exposure time for the CL image was 2 s. (c) CL spectrum of the luminescent area in 149 
Fig. 2(a). 150 
 151 
 152 
Fig. 3–(a) CL and (b) SEM images, and (c) EDX elemental mapping of Ca in another area of 153 
the polished surface of sample A. The exposure time for the CL image was 1 s. (d) CL spectra 154 
of Areas 1, 2, and 3 in Fig. 3(a). Enlarged CL spectra near the peaks of Areas 1 and 2 are 155 
shown in the upper left. 156 
 157 
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Figure 4(a) and (b) show a CL image and the corresponding SEM image, respectively, 158 
of an inclusion in Sample B. We detected a region emitting mainly three types of 159 
luminescence colors: blue-violet (Area 4), violet (Area 5), and blue-green (Area 6), which 160 
suggested the existence of three kinds of compounds. This result could also be inferred from 161 
the EDX mapping of Ca in the region, as shown in Fig. 4(c), because the distribution of the 162 
intensities of the Ca K line roughly agreed with that of the CL colors (Fig. 4(a)). The areas 163 
emitting violet (Area 5), blue-green (Area 6), and blue-violet (Area 4) corresponded to those 164 
with lower, medium, and higher intensities of the Ca K line, respectively. It should, however, 165 
be noted that the intensity of the Ca K line in the region was distributed to be somewhat 166 
non-uniform in comparison with that shown in Fig. 3(c). EDX point analysis revealed that the 167 
compositions of Areas 4, 5, and 6 were close to CaAl2O4 (Ca: 33 at.%, Al: 67 at.%), 168 
CaAl12O19 (Ca: 7 at.%, Al: 93 at.%), and CaAl4O7 (Ca: 21 at.%, Al: 79 at.%), respectively. 169 
The CL spectra of Areas 4, 5, and 6 are shown in Fig. 4(d). The spot size of the electron beam 170 
was approximately 20 m during the measurement. The CL spectrum of Area 5 directly 171 
resulted in the violet luminescence because the CL peak appeared at 380 nm. It was inferred 172 
that the CL spectrum of Area 5 would be derived from that of CaAl12O19 because its spectral 173 
shape was completely different from the other calcium aluminates shown in Fig. 2(c), 3(d), 174 
and 5(c). The CL color and CL spectrum of Area 6 were almost identical with those of Area 1 175 
in Fig. 3, which indicated that Area 6 consisted of CaAl4O7. In contrast, the CL color and CL 176 
spectrum of Area 4 were slightly different from those of CaAl2O4 shown in Fig. 2. The CL 177 
peak of Area 4 was located at 400 nm, which was 50 nm lower than that of CaAl2O4 shown in 178 
Fig. 2. Considering the slight non-uniform distribution of Ca in Area 4, the spot size of the 179 
electron beam, and the CL spectrum of CaAl12O19 with an intensity one order of magnitude 180 
higher than CaAl2O4, it was proposed that a small amount of CaAl12O19 co-existed in Area 4 181 
and that the luminescence color in Area 4 was the mixed colors of CaAl2O4 and CaAl12O19. 182 
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Although some difficulties in the interpretation of the CL image and CL spectra would arise 183 
in non-uniformly distributed calcium aluminates inclusions, we found that capturing the CL 184 
image enabled CaAl2O4, CaAl4O7, and CaAl12O19 to be identified. 185 
 186 
Fig. 4–(a) CL and (b) SEM images, and (c) EDX elemental mapping of Ca of the polished 187 
surface of sample B. The exposure time for the CL image was 1 s. (d) CL spectra of Areas 4, 188 
5, and 6 in Fig. 4(a). Enlarged CL spectra near the peaks of Areas 4 and 6 are shown in the 189 
upper right. 190 
 191 
Ca12Al14O33 (Ca: 41 at.%, Al: 59 at.%) inclusions were detected in Sample C by EDX 192 
point analysis. The CL image and the corresponding SEM image of the Ca12Al14O33 inclusion 193 
are shown in Fig. 5(a) and 5(b), respectively. The Ca12Al14O33 inclusion emitted blue 194 
luminescence. This result was well supported by the CL spectrum of the Ca12Al14O33 195 
inclusion shown in Fig. 5(c) because the CL peak was located at around 470 nm. We were not 196 
able to prepare a sample containing Ca3Al2O6 inclusions because calcium was easily 197 
vaporized from the sample. This suggested that it is difficult for Ca3Al2O6 inclusions to be 198 
formed during Ca treatment in the steelmaking process. Actually, it has been reported that the 199 
formation of Ca3Al2O6 inclusions was not confirmed in Ca treated Al-killed steels.
[6]  200 
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 201 
Fig. 5–(a) CL and (b) SEM images of an inclusion particle on the polished surface of sample 202 
C. The exposure time for the CL image was 1 s. (c) CL spectrum of the luminescent area in 203 
Fig. 5(a). 204 
 205 
There have been no previous reports for identifying CL peaks of the calcium 206 
aluminates acquired in the present study except for the peaks of CaAl4O7 at 675 nm and of 207 
Al2O3 at 745 nm. It was considered from the compositional similarity to CaAl4O7 that the CL 208 
peak of Ca3Al10O18 at 675 nm might arise from Mn
4+. The other unidentified CL peaks might 209 
be related to oxygen vacancies because CL peaks related to oxygen vacancies have been 210 
reported at around 335, 415, 480, and 540 nm for Al2O3
[23,30-33] and at around 380 nm for 211 
CaO.[34] In addition, it has been reported that blue emission of glasses containing Al2O3 and 212 
CaO was related to oxygen vacancies.[35] The CL peaks of the inclusions detected in the 213 
present study are summarized in Table II. 214 
 215 
Table II.  Wavelength and luminescence center of CL peaks for inclusions detected in 216 
the present study. 217 
Compound Wavelength [nm] Luminescence center 
Ca12Al14O33 470 Oxygen vacancy* 
CaAl2O4 450 Oxygen vacancy* 
Ca3Al10O18 
425 Oxygen vacancy* 
675 Mn4+ * 
CaAl4O7 
510 Oxygen vacancy* 
675 Mn4+ [28,29] 
CaAl12O19 380 Oxygen vacancy* 
Al2O3 745 Ti
3+ [23,30-32] 
CaS 580 Mn2+ [36-38] 
* The luminescence center was speculated from previous reports. 218 
 219 
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It is known that CaS inclusions are formed in Ca treated Al-killed steels.[6,7] Thus, the 220 
CL image and CL spectrum of CaS inclusion are also important data for the analysis of 221 
nonmetallic inclusions in this type of steel. We detected a CaS inclusion in Sample D, and the 222 
CaS inclusion emitted yellow luminescence as shown in Fig. 6(a). The CL spectrum of the 223 
CaS inclusion showed a peak at 580 nm (Fig. 6(c)), which was consistent with that reported in 224 
previous studies.[36-38] Therefore, the luminescence color of the CaS inclusion arose from the 225 
peak at 580 nm. The CL peak was considered to originate from Mn2+ substituting Ca2+.[36-38] 226 
The peak position of the CaS inclusion did not overlap with that of the calcium aluminates 227 
prepared in the present study. Therefore, it was expected that a CaS inclusion in Ca treated 228 
Al-killed steels is distinguishable by capturing the CL image. 229 
 230 
Fig. 6–(a) CL and (b) SEM images of an inclusion particle on the polished surface of sample 231 
D. The exposure time for the CL image was 10 s. (c) CL spectrum of the luminescent area in 232 
Fig. 6(a). 233 
 234 
IV. DISCUSSION 235 
We successfully obtained the CL images and CL spectra of Ca12Al14O33, CaAl2O4, 236 
Ca3Al10O18, CaAl4O7, CaAl12O19, and Al2O3 inclusions in the model samples. These findings 237 
provide insight for distinguishing Ca12Al14O33, CaAl4O7, CaAl12O19, and Al2O3 inclusions, 238 
which lead to nozzle clogging and melting of the stopper rod, from Ca3Al10O18 and CaAl2O4 239 
inclusions, which do not cause such problems. Fig. 3, 4, and 5 suggest that Ca12Al14O33, 240 
CaAl4O7, CaAl12O19, and Al2O3 inclusions can be distinguished from a Ca3Al10O18 inclusion 241 
by capturing CL images and CL spectra. This is because the luminescence colors of 242 
Ca12Al14O33 (blue), CaAl4O7 (blue-green), CaAl12O19 (violet), and Al2O3 (red) inclusions are 243 
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different from that of Ca3Al10O18 (blue-violet) inclusion. Comparing Fig. 2(a), 3(a), and 4(a) 244 
indicates that CaAl4O7, CaAl12O19 and Al2O3 inclusions are also distinguishable from a 245 
CaAl2O4 inclusion by their CL colors because the CaAl2O4 inclusion emitted blue 246 
luminescence. It should be noted that the area consisting of CaAl12O19 and CaAl2O4 247 
inclusions emitted mixed violet and blue luminescence as shown in Fig. 4(a), which was 248 
proposed from the CL spectra of the area (Fig. 4(d)), CaAl12O19 inclusion (Fig. 4(d)), and 249 
CaAl2O4 inclusion (Fig. 3(d)). In contrast, it was difficult to distinguish a Ca12Al14O33 250 
inclusion from a CaAl2O4 inclusion owing to their similar CL colors, as shown in Fig. 2(a) 251 
and 5(a). Fig. 2(c) suggests that CaAl2O4 inclusion has CL intensities in a wavelength range 252 
from 300 nm to 420 nm, which is out of the sensitivity range of the camera. This indicates 253 
that we can identify Ca12Al14O33 and CaAl2O4 inclusions from their CL colors if we use a 254 
camera in which the built-in filter is removed. The built-in filter prevents ultraviolet and 255 
infrared light from entering into the CMOS sensors in the camera. The sensitivity range of the 256 
camera would extend to 350–1000 nm by detaching the built-in filter.[39] We observed a clear 257 
difference in the CL color between Ca12Al14O33 and CaAl2O4 inclusions using the camera 258 
without the built-in filter, as shown in Fig. 7. We were unable to confirm the area emitting red 259 
luminescence in Fig. 7(a) by EDX point analysis because the inclusion particle was too small 260 
to detect the characteristic X-rays from the inclusion alone. We also were unable to acquire 261 
the corresponding CL spectrum owing to the low intensity. It could be inferred from the CL 262 
spectra of calcium aluminate inclusions obtained in the present study that the red 263 
luminescence might originate from Al2O3 inclusion because of its high CL intensity in the red 264 
color region. The exposure times for all the CL images in the present study were less than 10 265 
s, which was shorter than the measurement duration using EPMA. Therefore, our results 266 
provide a method to rapidly identify the calcium aluminate inclusions, which lead to nozzle 267 
clogging and melting of the stopper rod by CL analysis. In real conditions, Ca treated Al-268 
 13 
killed steels contain MgAl2O4 spinel including other elements in addition to calcium 269 
aluminate inclusions and CaS inclusion.[6,27,40] Future work should focus on the identification 270 
of the calcium aluminate inclusions which cause neither nozzle clogging or melting of the 271 
stopper rod in actual Ca treated Al-killed steels. It should be noted that capturing CL would 272 
contribute to the rapid identification of separated calcium aluminate inclusions but might be 273 
difficult for the identification of an agglomerated inclusion consisting of calcium aluminates 274 
with several compound forms owing to the overlap of their luminescence. In this case, 275 
acquiring CL spectra would help in the identification of such inclusions, as described in Fig. 4, 276 
although the acquisition time would be increased to approximately a few minutes.  277 
 278 
Fig. 7–CL images of (a) CaAl2O4 and (b) Ca12Al14O33 inclusions using the camera without the 279 
built-in filter. The captured areas of (a) and (b) are the same as those in Fig. 2(a) and Fig. 5(a), 280 
respectively. The exposure time was 5 s, each. 281 
 282 
V. CONCLUSIONS 283 
 This study focuses on establishing a CL analytical method to distinguish calcium 284 
aluminate inclusions of Ca12Al14O33, CaAl4O7, CaAl12O19, and Al2O3 in steels, which lead to 285 
nozzle clogging and melting of the stopper rod during continuous casting, from those of 286 
CaAl2O4 and Ca3Al10O18 in steels, which do not cause such problems. We acquired the CL 287 
images and CL spectra of calcium aluminate inclusions in mixtures of Fe powder, Al powder, 288 
and Ca shot heated at 1550 °C in an argon atmosphere. The CaAl2O4 inclusion emitted blue 289 
luminescence owing to a CL peak at 450 nm. The Ca3Al10O18 inclusion emitted blue-green 290 
luminescence and showed CL peaks at 510 and 675 nm. The Ca3Al10O18 inclusion could be 291 
distinguished from the calcium aluminate inclusions that lead to the problems during 292 
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continuous casting by their CL colors because Ca12Al14O33, CaAl4O7, CaAl12O19, and Al2O3 293 
inclusions emit blue luminescence with a CL peak at 470 nm, blue-violet with CL peaks at 294 
425 and 675 nm, violet with a CL peak at 380 nm, and red with a CL peak at 745 nm, 295 
respectively. We could also identify the CaAl2O4 inclusion from CaAl4O7, CaAl12O19, and 296 
Al2O3 inclusions by their CL colors. However, it was difficult to distinguish the CaAl2O4 297 
inclusion from the Ca12Al14O33 inclusion owing to their similar CL colors. This difficulty was 298 
solved by using a digital camera without the built-in filter, which removed luminescence at 299 
wavelengths below 420 nm and above 680 nm. This was because the CaAl2O4 inclusion has 300 
relatively higher CL intensities in the ultraviolet region (350–420 nm) than the Ca12Al14O33 301 
inclusion. We also acquired the CL image and CL spectrum of the CaS inclusion. CaS emitted 302 
yellow luminescence with a CL peak at 580 nm which did not overlap with the CL peaks of 303 
the calcium aluminate inclusions prepared in this study. These results indicate that the CaS 304 
inclusion is distinguishable from calcium aluminate inclusions in Ca treated Al-killed steels. 305 
The acquisition times for the CL images were less than 10 s. Therefore, the method we 306 
present in the present study has potential for the rapid identification of calcium aluminate 307 
inclusions in steels, which would contribute to an actual control of the operation in steel-308 
making production. To identify calcium aluminates in agglomerated inclusions with several 309 
compositions, a spectroscopic analysis of the CL spectra would provide more detailed 310 
information than the CL image itself. 311 
 312 
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Table I. Compositions of model samples. 380 
Sample Fe (mass%) Al (mass%) Ca (mass%) 
A 98 1.3 0.7 
B 98 1.1 0.9 
C 97 0.1 2.9 
D 98 1.0 1.0 
381 
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Table II.  Wavelength and luminescence center of CL peaks for inclusions detected in 382 
the present study. 383 
Compound Wavelength [nm] Luminescence center 
Ca12Al14O33 470 Oxygen vacancy* 
CaAl2O4 450 Oxygen vacancy* 
Ca3Al10O18 
425 Oxygen vacancy* 
675 Mn4+ * 
CaAl4O7 
510 Oxygen vacancy* 
675 Mn4+ [28,29] 
CaAl12O19 380 Oxygen vacancy* 
Al2O3 745 Ti
3+ [23,30-32] 
CaS 580 Mn2+ [36-38] 
* The luminescence center was speculated from previous reports. 384 
